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The development of specialized epithelial
derivatives in mammalian skin such as hair and
vibrissae has not been subjected to detailed
experimental analysis. Chase (1) and Rawles
(2) suggested that the development of hair
and of vibrissae involved an inductive inter-
action between the epidermis and dermis of
developing skin. This suggestion was based
mainly on certain similarities between the de-
Velopmental anatomy of hair and vibrissae,
and that of feathers.
In feather development the role of inductive
interactions between condensations of dermal
cells and the overlying epidermis has been well
substantiated by a number of experimental
studies (3—5). Also, in post-embryonic develop-
ment feather formation depends on the dermal
papilla, since regeneration of feathers does not
occur in its absence (6). Similar condensa-
tions of dcrmal cells associated with the epi-
dermis have been described in mammalian
skin during the development of pelagc and
vibrissal hair, in vivo and in vitro. Further-
more, the presence of a dermal component in
pelage and vibrissal hairs is considered neces-
sary for the maintenance and regeneration of
these structures in the adult mammal (7, 8).
These anatomical analogies between feathers
and hair suggested that the basic mecha-
nisms involved in hair development might also
be dependent on cpidcrmal-dcrmal interac-
tions. However, this assumption has not been
experimentally tested or supported by un-
equivocal evidence (9).
Some of the complications in earlier studies
on this problem may have stemmed from
technical difficulties of isolating and transplant-
ing cleanly separated components of skin and
hair follicles. In addition, in most previous
studies on hair development adult tissues were
used; such material may have attained a de-
velopmental state that would preclude expres-
sion of morphogenetie capabilities other than
Received for publication March 26, 1965.
This study was supported by Grant HD
01253-06 to Dr. A. A. Moscona.
* From the Department of Zoology, University
of Chicago, Chicago, Jlhnois.
maintenance or regeneration of previously dif-
ferentiated structures. The present work was
carried out exclusively on embryonic skin, using
cleanly separated epidermis and dermis from
mid-dorsal and from snout skin of embryonic
mice prior to and during early follicle develop-
ment. The separated layers from the two areas
were reciprocally exchanged and the develop-
ment of the rccombinants was studied in tissue
culture with reference to epidermal-dcrmal
interactions. In addition, the developmental
propensities of cells from these regions were
examined in aggregates of dissociated cells
grafted to the chorioallantoic membrane.
The basic approach taken in this study was
to disrupt partly or completely the epidermal-
dcrmal relationships of embryonic skin prior to
and during the development of pelage and
vibrissal hair and to study the development of
integumental structures following recombina-
tion of tissue components and reconstruction
of tissue fabrics from single cells.
MATERIALS AND METHODS
Swiss Albino mouse embryos of 11—14 days of
gestation were used in this study. The ages of the
embryos were calculated from the appearance of
a vaginal plug in mated females and by compar-
ison with Gruenberg's (10) description of external
characteristics of embryonic mice.
The mid-dorsal skin from 14-day old embryos
was dissected free of the body wall and cut into a
number of smaller pieces approximating the size
of the vibrissal region used in the experiment. Skin
from the snout of 11-, 12-, and 13-day old embryos
encompassing the region of vibrissal growth was
dissected from both sides of the head. Moscona
(11) demonstrated that early embryonic epidermis
and dermis could be separated by incubating the
skin fragments in a solution of trypsin. More re-
cently, Szabo (12) and Rawles (4) have shown
that prolonged treatment at low temperatures
facilitated separation in skin from older embryos.
In this study, fragments of isolated mid-dorsal and
snout skin were treated with 1% trypsin (Difco
Bacto-trypsin, 1:250) in Tyrode's solution for 2—3
hours at 4° C. Following this treatment the epi-
dermis could be separated from the dermis. In
some cases, especially with mid-dorsal skin from
14-day old embryos and snout skin from 13-day
embryos, it was necessary to free the loosened
epidermis from the dermis by gently prying with
a sharp iris knife. The separated layers were ex-
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amined for and freed of contaminating tissue, and
were washed in Tyrode's solution containing 40%
horse serum.
Recombinants were prepared by placing a piece
of epidermis on top of a similarly sized fragment
of either homologous or heterologous dermis rest-
ing on a plasma clot. Care was taken to eliminate
folding or inversion of the epidermis or dermis.
The plasma clots were prepared with chicken
plasma (Difco) and embryo extract (1:1) in dis-
posable, sterile, plastic "organ culture" dishes (Fal-
con Plastics). The recombinants were cultured on
these plasma clots for periods up to six days with
transfers to fresh clots after three days; in some
cases, the recombinants were transferred after 24
hours to plasma clots inside roller tubes. The
roller tubes contained 1 ml of liquid culture me-
dium consisting of Eagle's basal medium with
1% glutamine, penicillin-streptomycin (50 units
each/mi) and 10% horse serum. This medium was
changed after three days.
Cell suspensions were prepared from dissociated
snout skin of 11—15 day embryos following the
standard procedures of this laboratory (Moscona,
13). The dispersed cells were gently centrifuged
and the pellets were incubated at 37° C for 1—2
hours before grafting to the chorioallantoic mem-
brane of 8—10 day chick embryos. Each graft con-
sisted of cells obtained by dissociation of snout
skins from, at least, two embryos. The grafts were
carried for 8 days.
The cultures and grafts were harvested and fixed
in Zenker's fluid and prepared by routine pro-
cedures for histological examination. Sections were
cut at 7 microns and stained with Ehrlich's he-
matoxylin and Biebrich scarlet.
This report is based on results obtained with 80
cultures and 20 grafts.
RESULTS
Normal Development
The development of pelage hair (14, 15) and
vibrissae (16) have been previously described.
The process of formation of both types of
follicles is similar in many respects. However,
vibrissae follicles begin their development at
an earlier age than pelage follicles. No evidence
of follicle formation can be detected in the
snout skin of 11-day old embryos (Fig. 1), but
by the 12th day of gestation epidermal thick-
enings or follicle plugs (stage 1) can be seen
(Fig. 2). This thickening continues to develop
as an epidermal downgrowth (Fig. 3) and
becomes associated with a dermal papilla
(stage 3) by the 14th day of gestation (Fig. 4).
Growth and differentiation of the vibrissae
follicles continue and a keratinized hair is
formed (stage 6) during the 15th or 16th day
of gestation (Fig. 5). The vibrissae follicles
arise in rows that display a latero—mesial
gradient of development and can be distin-
guished from pelage follicles by their large
size, typical hour-glass shape and dense dermal
sheath that surrounds the developing follicle
(Figs. 4 and 5).
In contrast, stage 1 of pelage follicle devel-
opment is not seen until the 14th day of
gestation. The epithelial plugs continue their
growth into the dermis and become associated
with a dermal papillae during the 16th day of
gestation. Further growth and differentiation
occur resulting in hair formation on the 21st
day of gestation.
It is known that explants of skin from the
snout and mid-dorsum develop in organ cul-
tures and this study (Fig. 6) has confirmed
the results of previous studies (14—16).
The Development in Vitro of Isolated
Epidermis and Dermis
Histological examination of epidermis sepa-
rated by trypsin from dermis showed that,
both in snout skin and in mid-dorsal skin
(Fig. 7) the separation of the two layers was
at the level of the basement membrane. Since,
by visual examination it was not possible to
determine conclusively whether the separated
layers had not carried over cells from the other
tissue, low in number yet possibly sufficient for
a developmental effect, the following test cul-
tures were set up to test the developmental
properties of the isolated layers.
I. Isolated epidermis—Isolated epidermis
from snout and from mid-dorsal skin was cul-
tured on plasma clots and its development in
vitro was examined. Within 24 hours the cell
layers became disarranged, many cells showed
pyknotic nuclei, keratinized heavily and were
dead by two or three days after explantation
(Fig. 8). By the fifth day of culture few
healthy cells remained in the explant (Fig. 9).
By demonstrating the inability of these iso-
lated epidermal sheets to further develop under
these culture conditions the results indicated
a requirement for the dermal component and
also confirmed the adequacy of epidermal split-
ting.
II. Isolated dermis—In exploratory experi-
ments, it was found that contamination of
isolated dermis by residual epithelial cells was
a frequent possibility; especially with snout
skin from 13-day old and older mid-dorsal skin,
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FIG. 1. Section of snout skin of 11-day embryonic mouse. (V 200.)
FIG. 2. Section of snout skin of 12-day embryonic mouse. Stagc 1. Notc tbc epidermal
thickening (ET) and dermal condensation (DC). (V 200.)
FIG. 3. Section of snout skin of 13-day embryonic mouse. (V 200.)
FIG. 4. Section of snout skin of 14-day embryonic mouse. Note the dermal papilla (DP).
Stage 3. (V 200.)
FIG. 5. Section of snout skin of 15-day embryonic mouse illustrating the arrangement of
folhcles in a row. Note the gradlent of development. A keratinizing hair (KIT) can be seen.
(V 130.)
FIG. 6. An explant of intact snout skin of 13-day embryonic mouse cultured for six days.
The gradient of development and arrangement of follicles in rows is maintained. (V 95.)
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Fio. 7. Section of mid-dorsal skin of 15-day embryonic mouse. The tissue was fixed and
processed immediately following trypsinization. The epidermis was permitted to remain
attached to one edge to facilitate processing. Note separation of epidermal and dcrmal
components. (—*). (X 200.)
.Fm. 8. Section of an explant of isolated epidermis after one day of culture. Note the
disorganization of the tissue. (X 130.)
FIG. 9. Section of an explant of isolated epidermis after five days of culture. Note the
absence of healthy cells, keratinization and pyknotic nuclei. (X 175.)
FIG. 10. Section of isolated dermis after six days of culture. Note the absence of epithelial
elements. (X 130.)
Fio. 11. Explant of recombined snout epidermis and snout dermis from a 12-day embry-
onic mouse after six days of culture. Note the excellent follicle development. (x 37.5.)
FIG. 12. Section of an explant of recombined snout epidermis and snout dermis from a
12-day embryonic mouse after six days of culture. A number of follicles are present in
longitudinal and cross-section. (X 95.)
FIG. 13. Section of an explant of recombined mid-dorsal epidermis and mid-dorsal dermis of
14-day embryonic mouse. Note pelage follicle development. (x 200.)
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residual portions of the epidermal follicular
invaginations were found in the dermis after
the stripping procedure. Longer exposure to
trypsin and careful separation of the layers
without tearing the epidermis, helped in over-
coming this difficulty. An extensive series of
explants of isolated dermis was studied. In no
ease did any follicles or follicle remnants de-
velop in these explants. In the absence of
epithelium, the isolated dermis tended to
flatten out; there was cell migration from the
explant and formation of a loose outgrowth
area (Fig. 10).
III. Homologous recombinants.—The next
series of tests determined whether separated
and immediately recombined epidermis and
dermis would continue to develop as nor-
mally as intact skin fragments; i.e., whether
the stripping procedure affected the develop-
mental competence of the skin. Homologous
epidermal and dermal layers from the snout
of 11-, 12-, and 13-day old embryos were there-
fore stripped and promptly recombined and
their development in culture was examined.
Similar tests were carried out with mid-dorsal
skin.
Reeombinants of snout epidermis and dermis
differentiated into typical vibrissal structures
(Figs. 11 and 12). However, whereas cultures of
intact snout skin retained the typical arrange-
ment of follicles in rows containing a series
of developmental stages (Fig. 6), in cultures
of recombined snout epidermis and dermis this
patterned arrangement of follicles was no
longer seen (Figs. 11 and 12) ; the follicles
appeared to be randomly distributed within
the explant but were unmistakably of vibrissal
type.
Cultures of reeombinants of homologous epi-
dermis and dermis from mid-dorsal skin of
14-day old embryos developed typical pelage
follicles (Fig. 13).
Combination of Snout Epidermis with
Mid-dorsal Dermis
Snout skin epidermis from 11-, 12-, and 13-
day old embryos was combined with dermis
from mid-dorsal skin of 14-day old embryos.
In all these cultures the reeombinants developed
follicles of the vibrissal type.
In reeombinants with snout epidermis from
11-day embryos, after 6 days in culture, the
most advanced follicles were at stage 4, i.e.,
hair cone formation (Fig. 14). In reeombinants
with snout epidermis from 12- and 13-day
embryos a wider range of developmental stages
was observed, including follicles of stages 3 or
4, as well as later stages. Follicle distribution
within the explant showed no arrangement into
rows. Follicles at stages graded from 1 to 5
could be reliably identified as vibrissal (Figs.
14 and 15); however, with later stages of de-
velopment, type identification was more diffi-
cult. The distinctive characteristics of vibrissal
follicles such as the hour-glass shape, dense
dermal sheath, etc., were not clearly discern-
ible in the older follicles, possibly because of
distortion due to culture conditions. Nonethe-
less, the presence of younger follicles in all of
these explants that could be identified as vibris-
sae indicated that vibrissal epithelium at the
ages used, when recombined with mid-dorsal
dermis of 14-day embryos, was able to continue
development in culture, and that these com-
binations gave rise to vibrissal follicles.
Combination of Mid-dorsal Epidermis
with Snout Dermis
Characteristic follicles were not found in
explants of these recombinants. The epidermis
remained healthy and normal in appearance
and tended to keratinize (Fig. 16). Although
typical follicles failed to form, in recombinants
of 13-day epidermis and 14-day dermis, aggre-
gations of dermal cells were found that resem-
bled early dermal papillae. In a few eases, the
arrangement of basal epithelial cells adjacent
to these dermal condensations suggested abor-
tive attempts at follicle formation.
Development of Dissociated Embryonic
Snout Skin
The prompt restitution of epidermal-dermal
associations in snout skin after the separation
and reeombination of the layers resulted in
the resumption of follicle development. How-
ever, the random arraugement of the follicles in
these combinations raised questions concerning
the establishment of new functional relation-
ships between the cells of both layers. Were new
sites of interaction being formed in the recom-
binants and was the randomness observed due
to development of new follicles at these sites?
That is, was it possible for new interaction
Fio. 14. Section of an explant of snout epidermis of 11-day embryonic mouse and mid-
dorsal dermis of 14-day embryonic mouse. Note that follicles are vibrissal-like. (X 187.)
Fio. 15. Section of an explant pf snout epidermis of 12-day embryonic mouse and mid-
dorsal dermis of 14-day embryonic mouse. Note especially the well developed follicle con-
taining a keratinizing hair. (X 110.)
FIG. 16. Section of an explant of mid-dorsal epidermis of 14-day embryonic mouse com-
bined with snout dermis of 11-day embryonic mouse. The epithelium is healthy but no
follicles have developed. (X 200.)
FIG. 17. A section of a graft of dissociated snout skin of 13-day embryonic mouse 8 days
after grafting to the chorioallantoic membrane. Note the reconstruction of epidermal fabrics
and a well developed vibrissal follicle. (X 200.)
FIG. 18. A graft of dissociated snout skin of 14-day embryonic mouse 8 days after graf t-
ing to the chorioallantoic membrane. (X 200.)
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sites to develop following extensive disruption
of the original pattern of cell associations.
To answer some of these questions advantage
was taken of the ability of dissociated skin
cells to aggregate and reconstruct intcgumental
structures (17). Snout skin from 12- to 15-day
embryos was dissociated into suspensions of
co-mingled epidermal and dermal cells, the
cells were gently centrifuged, and the pellets
grafted to the chorioallantoic membrane and
allowed to develop for 8 days. Previous work
in this laboratory has shown that aggregated
mouse skin cells were capable of advanced
development as chorioallantoic grafts (18, 19).
Follicles in a wide range of stages were ob-
served in these grafts; many of the follicles
clearly showed characteristics of vibrissae (Figs.
17 and 18). In some cases the snout skin cells
penetrated the chorion and formed small patches
of epithelium scattered through the graft area.
The epithelium was surrounded by a network of
mouse dermal and chorionic mesodermal cells
(Fig. 17). In other cases sheets of snout epi-
dermis formed at the chorionic surface in con-
tiguity with the chorionic epithelium. The snout
epidermis was underlain by skin dermal and
chorionic mesoderm cells (Fig. 18).
DIscussIoN
The development of specialized integumen-
tal derivatives, mouse pelage hair and vibrissac,
has been studied in vitro. Data obtained from
interactions between reciprocal exchanges of
dermis and epidermis from mid-dorsal and
snout skin of embryonic mice, suggest certain
basic similarities and differences between epi-
dermal specialization of embryonic mouse and
chick skin.
The inability of isolated epidermis from mid-
dorsal or snout skin to develop follicles sug-
gests that the epidermis of embryonic mouse
skin depends on the underlying mesoderm for its
continued proliferation and specialization. These
findings are consistent with an observation by
Hardy (14) that in skin cultures, cell out-
growth areas devoid of mesoderm did not pro-
duce follicles. The basic behavior of isolated
embryonic mouse epidermis described here is
thus entirely comparable to that reported by
MeLoughlin (20), Wessells (21), and Dodson
(22) for isolated embryonic chick epidermis
cultured under conventional conditions.
In the presence of an underlying dermis,
either homologous or heterologous, the epi-
thelium was maintained in a healthy state, and
proliferation continued. Differentiation of
vibrissae was seen in combinations of snout
epithclium not only with its own dermis but
also with mid-dorsal dermis. It is thus sug-
gested that, at this stage of development, the
structural specificity for vibrissae development
resides in the snout epidermis; whether it
arises there, or had been conferred upon the
epidermis in earlier development can not be
said at present.
The determination by epidermis of the char-
acter of the response when confronted with a
heterologous dermis has been reported by
Lillie and Wang (6) for feather development
in the adult fowl. Dermal papillae from breast
feather follicles transplanted to papillae-less
follicles in the saddle induced saddle feathers.
More recently, Rawles (4) demonstrated that
in reciprocal exchanges of embryonic chick
epidermis and dermis from different sites the
structures produced were somewhat variable
and depended on the ages and sources of the
tissue used. Rawlcs concluded that the induc-
tive capacity of the dermis as well as epidermal
competence vary with the age and location of
the tissue. This conclusion seems to apply to
the present findings with mouse skin compo-
nents from different regions and embryonic
ages. However, the following reservations should
be made. Technical difficulties of clean stripping
have so far prevented the use of mid-dorsal
dermis from mouse embryos other than 14-days
of gestation. Until the results of combining 11
to 13-day snout epithelium with mid-dorsal
dermis of other ages and dermis from other
sites are established, no firm conclusions can be
made concerning the specificity of snout epithe-
hum or dermis in the processes of epidermal-
dermal interactions in the mouse embryo.
The absence of follicles in combinations of
mid-dorsal epidermis with snout dermis was
surprising, particularly since the epidermis re-
mained healthy and its cells proliferated. A
nutritional deficiency in the medium seems un-
likely since in control recombinants of mid-
dorsal epidermis with its homologous dermis
follicles developed. Either the dorsal epidermis
does not provide conditions for dermal papillae
formation in snout dermis, or the latter can not
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effectively promote follicular development in
dorsal epidermis. However, the limitation im-
posed by the technical restriction of these tests
to a single age of mid-dorsal epidermis indi-
cates caution in evaluating the possibilities.
The arrangement of vibrissae in rows both
in vivo and in explants of intact snout skin and
the maintenance of a graded series of follicle
development within each row was reported by
Davidson and Hardy (16) and confirmed pres-
ently. However, it is noteworthy that snout
epidermis when combined with mid-dorsal
dermis does not display the ordered pattern
and that the follicles produced appear to be
randomly distributed and are found in all
stages of development.
Control recombinants of snout skin epidermis
and dermis also showed a disorganization of the
rows of follicles. Therefore the experimental
procedure clearly disrupts the normal pattern
of follicle development. During the stripping of
the epidermis from the dermis initial sites of
interaction between the epidermis and dermis
are disrupted and can be re-established only by
chance contact during the reeombination of
these two layers. In some eases, dermal con-
densations will come in contact with epidermis
not usually associated with follicle formation
in situ, and epidermal thickenings will become
apposed to non-papillar dermis. It is thus
possible that new areas of interaction can arise
and continue their development as follicles.
The development of vibrissae follicles following
complete dissociation of snout skin cells and
their random reassociation in aggregates sug-
gests that despite total disruption of the dermal
and epidermal components, reorganization of
the components can be followed by normal
morphogenetie processes leading to vibrissal
follicle formation. It is therefore conceivable
that in the tissue recombinants the additional
sites of epidermal-dermal interaction might in-
teract and form follicles.
SUMMARY
The development of hair and vibrissae fol-
licles were studied by disrupting the epidermal-
dermal associations of the snout and mid-dorsal
skin of 11—15-day embryonic mice. Separated
epidermis and dermis from these regions of
embryonic mouse skin were recombined in ho-
mologous and heterologous associations. The
reeombinants were cultured in vitro and their
developmental capabilities were examined.
Homologous reeombinants of epidermis and
dermis from snout and mid-dorsal skin con-
tinued their type-specific development in cul-
ture. However, the row-like pattern of vibrissae
follicles was not maintained in recombinants of
epidermis and dermis from snout skin.
Heterologous combinations of 11—13-day
snout epidermis and 14-day mid-dorsal dermis
interacted and follicles identifiable as vibrissal
follicles were produced. On the other hand, 14-
day mid-dorsal epidermis combined with 11—13-
day snout dermis did not produce follicles, al-
though both epidermis and dermis remained
healthy.
Another method was used to disrupt the
epidermal-dermal association of embryonic
snout skin. Embryonic snout skin was dissoci-
ated into single cells and the co-mingled epi-
dermal and dermal cells were grafted to the
chorioallantoie membrane of chick embryos.
Skin reconstruction and follicle development
took place in these grafts.
The nature of epidermal-dermal interactions
in embryonic mouse skin and the relation of
these interactions to the development of hair
and vibrissae are discussed.
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